Inhibition of p53 function, through either mutation or interaction with viral or cellular transforming proteins, correlates strongly with the oncogenic potential. Only a small percentage of human T-cell lymphotropic virus type 1 (HTLV-1)-transformed cells carry p53 mutations, and mutated p53 genes have been found in only one-fourth of adult T-cell leukemia cases. In previous studies, we demonstrated that wild-type p53 is stabilized and transcriptionally inactive in HTLV-1-transformed cells. Further, the viral transcriptional activator Tax plays a role in both the stabilization and inactivation of p53 through a mechanism involving the first 52 amino acids of p53. Here we show for the first time that phosphorylation of p53 inactivates p53 by blocking its interaction with basal transcription factors. Using two-dimensional peptide mapping, we demonstrate that peptides corresponding to amino acids 1 to 19 and 387 to 393 are hyperphosphorylated in HTLV-1-transformed cells. Moreover, using antibodies specific for phosphorylated Ser15 and Ser392, we demonstrate increased phosphorylation of these amino acids. Since HTLV-1 p53 binds DNA in a sequencespecific manner but fails to interact with TFIID, we tested whether phosphorylation of the N terminus of p53 affected p53-TFIID interaction. Using biotinylated peptides, we show that phosphorylation of Ser15 alone inhibits p53-TFIID interaction. In contrast, phosphorylation at Ser15 and -37 restores TFIID binding and blocks MDM2 binding. Our studies provide evidence that HTLV-1 utilizes the posttranslational modification of p53 in vivo to inactivate function of the tumor suppressor protein.
Mutation of p53 is common in human cancers, being inactivated in over half of all tumors (17) . Following an intense period of research into the biochemical function of this critical cellular protein, it is evident that in response to various types of DNA damage and cell stress, the p53 tumor suppressor functions to integrate cellular responses including growth arrest or apoptosis (11, 17) , through transcriptional activation of cell cycle control proteins. Consistent with its tumor suppressor function, overexpression of wild-type p53 was found to suppress cell growth of human neoplastic colon (2) and bone tumor (4, 5) cell lines. Further, studies using a human glioblastoma cell line encoding an endogenous mutant p53 gene and a transfected inducible wild-type p53 showed that upon induction of wild-type p53, cells arrested in G 1 (27) . The biochemical activity required for p53 tumor suppression and presumably the response to DNA damage involves the ability of p53 to bind DNA in a sequence-specific manner and function as a transcriptional activator (7, 8, 34) . Clearly, expression of p53 in cells activates, through consensus p53 binding sites, a number of genes involved in p53-induced cell arrest or apoptosis. These include the genes encoding GADD45, WAF1, MDM2, Bax, and cyclin G (17, 21) . Although the importance of the DNA binding properties of p53 are evident, the regulation of p53 function remains less well understood.
p53 is a tetrameric, sequence-specific transcription factor with an N-terminal activation domain (amino acids 1 to 50), a sequence-specific DNA binding central core (amino acids 100 to 300), and a multifunctional carboxy-terminal domain (amino acids 300 to 393) (17) . Although mutations in p53 that arise in human cancers generally cluster in its DNA binding domain (14) , binding of oncoproteins to the amino-terminal region of p53 have also been associated with disease (17) . The aminoterminal activation domain of p53 interacts with several general transcription factors including the TATA box binding protein (TBP) and TBP-associated factors (TAFs), components of TFIID (25, 44) . Association of the cellular proteins MDM2 and E2F, as well as the viral oncoproteins adenovirus E1B and hepatitis B virus X protein, with the N terminus of p53 have been shown to block its activation function by disrupting p53-TFIID interactions (24, 32, 45) . The carboxy terminus of p53 can function as an autonomous domain capable of binding nonspecifically to different forms of DNA, such as damaged DNA, and reannealing complementary single strands of DNA or RNA (17) . The carboxy terminus of p53 also contains an oligomerization domain as well as sequences that modulate DNA binding.
The human T-cell lymphotropic virus type 1 (HTLV-1) is the etiologic agent of an aggressive and fatal disease adult T-cell leukemia and the neurodegenerative disease tropical spastic paraparesis/HTLV-1-associated myelopathy (10, 33, 36, 51) . HTLV-1 is also associated with arthritis, uveitis, infective dermatitis, and mild immunosuppression (16, 18, 40) . Although many transformed uninfected T-cell lines contain a mutated p53 gene, only a minority of HTLV-1-transformed cells carry p53 mutations. In addition, mutated p53 genes have been found in only a fourth of adult T-cell leukemia cases (31, 39) . In contrast to untransformed peripheral blood T lymphocytes, we have shown that the half-life of the p53 protein is increased in the majority of HTLV-1-transformed cells, suggesting its functional inactivation (37) . In addition, following gamma irradiation, no significant induction of p53 or p53-responsive genes, including those encoding p21 WAF1 , GADD45, MDM2, and Bax, was observed in HTLV-1-transformed cells compared to HTLV-1-negative cells (3, 35) .
To determine the mechanism of Tax-mediated p53 inactivation, we characterized biochemical properties of HTLV-1 p53. Our results demonstrate that p53 from HTLV-1-transformed cells is tetrameric and binds DNA in a sequence-specific manner. The transcriptional activity of p53, however, is regulated by posttranslational modification of the protein. Specifically, we demonstrate that phosphorylation of Ser15 inhibits the interaction of the N-terminal activation domain with the basal transcription factor TFIID. Consistent with recent reports by Shieh et al. (41) , we find that phosphorylation of Ser15 and -37 restores TFIID binding. Thus, in addition to uncovering a novel interaction pathway for p53 inactivation in HTLV-1-transformed cells, we demonstrate that the interaction of p53 with TFIID and MDM2 is tightly regulated by the specific phosphorylation pattern of Ser15 and -37. In this report we demonstrate for the first time the use of altered posttranslational modifications of p53 by a viral activator to abrogate p53 function.
MATERIALS AND METHODS
Cell lines. The human myeloid cell line ML-1 and the HTLV-1-transformed cell lines C81, MT-2, and Hut102 were grown in RPMI medium supplemented with 10% fetal bovine serum. GM47.23 cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum. Wild-type p53 expression was induced in GM47.23 by addition of dexamethasone (50 g/ml) to cultures 24 h prior to assaying cells.
DNA binding assay. Cells were lysed in buffer A (50 mM Tris-HCl [pH 7.4], 0.25 M NaCl, 0.1% Triton X-100, 5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 0.5 mM trypsin inhibitor, 0.05 mM microcystin-LR, 1 g of pepstatin A per ml, 2 mM dithiothreitol [DTT]), and 100 g was incubated with biotinylated oligonucleotides containing the wild-type (5Ј-GCCGAATTCGAA CATGTCCGAACATGTTGAGATCTGCC-3Ј; 5Ј-AATTCTCGAGCAGAAC ATGTCTAAGCATGCTGGGCTCGAG-3Ј) and mutant (5Ј-GCCGAATTCG AAAATTTCCGAATCCTTTGAGATCTGCC-3Ј; 5Ј-AATTCTCGAGAAAAT TTCTAAGAATTCTGGGCTCGAG-3Ј) p53 binding sites from WAF1 and GADD45 promoters, respectively. Using magnetic streptavidin beads (Dynal), the bound complexes were captured and washed four times with binding buffer [50 mM Tris (pH 7.6), 50 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 5 mM MgCl 2 , 0.1% Triton X-100 5% glycerol, 10 g of poly(dI/dC) per ml, 2.5 mg of bovine serum albumin per ml]. Proteins were separated by electrophoresis on 4 to 20% Tris-glycine gels (Novex), transferred to polyvinylidene fluoride membranes (Millipore), and analyzed by Western blot analysis (35) .
Electrophoretic mobility shift assay (EMSA). Cells (2 ϫ 10 6 to 5 ϫ 10 6 ) were incubated for 15 min on ice in 20 mM HEPES (pH 7.9)-20 mM Na F-1 mM Na 3 VO 4 -1 mM Na 4 P 2 O 7 -1 mM EDTA-1 mM EGTA-1 mM DTT-0.5 mM PMSF-1 g each of leupeptin, aprotinin, and pepstatin per ml. After addition of Nonidet P-40 (NP-40) to 0.2%, the cells were incubated on ice for an additional 15 min and resuspended by vortexing for 15 s, and nuclei were pelleted in a microcentrifuge at 16,000 ϫ g for 20 s. The nuclear pellet was extracted for 15 min in the above buffer that had been adjusted to 0.2% NP-40-0.4 M NaCl and then cleared by centrifugation at 16,000 ϫ g for 15 min. For DNA binding assays, 5 to 30 g of nuclear extract was incubated for 10 min at 4°C in the presence or absence of antibody PAb421 (Oncogene Research) prior to incubation at room temperature for 30 min in binding buffer (6 mM HEPES [pH 7.9], 1 mM DTT, 6% glycerol, 0.5 mM PMSF) and 0.5 ng of 32 P-end-labeled oligonucleotide encoding the WAF1 promoter binding site (see above). Competition for p53 binding activity was carried out in the presence of a 100-fold excess of either unlabeled wild-type or mutant WAF1 oligonucleotide probe (see above).
In vivo labeling and phosphopeptide mapping. Cells were in vivo labeled with [ 32 P]orthophosphate. Exponentially growing HTLV-1-transformed cells or dexamethasone-induced GM47.23 cells were washed with phosphate-free RPMI supplemented with 10% dialyzed fetal bovine serum, incubated in the same medium for 30 min, and then incubated for 20 min in phosphate-free medium containing 0.6 mCi of [ 32 P]orthophosphate (NEN) per ml. Cells were washed twice with ice-cold phosphate-buffered saline and lysed in buffer A (see above). Lysates were precleared with either preimmune antibody (C81 cells) or antibody PAb421 (GM47.23 cells). p53 protein was immunoprecipitated with PAb1801 and separated by electrophoresis on sodium dodecyl sulfate-8% polyacrylamide gels, and the p53 band was excised from the gel. After alkylation and reduction (47), tryptic/chymotryptic digestion was performed on the samples, which were then treated with performic acid. Synthetic peptides (47) which correspond to peptides 1, 4, 5, and 8 were combined with each sample (equivalent counts per minute) prior to running the two-dimensional map for identification of 32 Plabeled peptides. This step allowed us to correlate peptide migration with phosphorylation of specific peptides. Samples were electrophoresed and subjected to chromatography as described previously (47) .
Peptide binding assay. Biotinylated unphosphorylated and monophosphorylated peptides (1 g) which correspond to amino acids 1 to 39 of p53 were incubated in kinase buffer (13.75 mM HEPES [pH 7.5]-1.3 mM spermidine-7.28 mM MgCl 2 -11% glycerol-0.55% NP-40-27.5 mM KCl-0.55 mM DTT-0.2 mM ATP in the presence of 400 ng of double-stranded DNA) either with or without DNA-dependent protein kinase (DNA PK; Promega). Wortmannin (0.5 M; Sigma) was then added to mock-treated or DNA PK-treated peptides to inhibit any further DNA PK activity. Peptide (100 ng) was incubated with a 1 M fraction of a phosphocellulose column or 30 g of whole-cell extract to a final volume of 200 l in lysis buffer A (described above) for 2 h at 4°C, with rotation. Bound complexes were captured with magnetic streptavidin beads (Dynal), washed four times with buffer A, separated by electrophoresis, and analyzed by Western blot analysis with antibody to TFIID (Santa Cruz Biotechnology).
Chymotryptic digestion of p53. Cellular extracts which represented equal amounts of p53 were treated with 200 ng of chymotrypsin for 10 min at room temperature. Reactions were stopped by addition of an equal volume of sodium dodecyl sulfate sample buffer, boiled, and separated by electrophoresis on 4 to 20% Tris-glycine gels. After transfer to a polyvinylidene fluoride membrane, Western blot analysis was done with antibody DO-1 or PAb421 (Oncogene Research).
P-Ser15 and P-Ser37 antibody characterization. Polyclonal antibodies specific for phosphorylated Ser15 and Ser392 (P-Ser15 and P-Ser392, respectively) were raised against the synthetic peptides Ac-11-22(15P)C and Ac-C385-393(392P) conjugated to keyhole limpet hemocyanin. The peptides used for immunization were Ac-11-22(15P)C [Ac-EPPLS(PO3)QETFSDLC-NH 2 ] and Ac-C385-393 (392P) [Ac-CFKTEGPDS(PO3)D-OH]. Antiserum from immunized rabbit was affinity purified by using SulfoLink (Pierce) coupled with phosphorylated peptide. The purified antibody was then passed through a column coupled with unphosphorylated peptide to deplete antibodies that react with unphosphorylated p53. Antibody specificity was analyzed by Western blot analysis and enzyme-linked immunosorbent assay (ELISA). Briefly, 100 ng of peptide (either phosphorylated or unphosphorylated) was bound for 1 h at 37°C to microtiter plate wells at pH 8.0. Antibodies were incubated for 1 h at room temperature. The wells were incubated with peroxidase-conjugated secondary antibody, and specifically bound antibody was detected at 490 nm, using orthophenylenediamine.
RESULTS

HTLV-1 p53 binds to DNA in a sequence-specific manner.
Transforming proteins of several viruses inactivate p53 by protein-protein interaction, blocking sequence-specific DNA binding, transactivation, or targeting p53 for rapid degradation (reference 17 and references therein); however, no in vivo association between Tax and p53 has been demonstrated. To address how Tax inactivates p53 function, we first examined properties of p53 from HTLV-1-transformed cells known to be important for p53 transactivation activity. Using biotinylated-DNA oligomers, we found that p53 from HTLV-1-transformed C81, MT2, or HUT102 cells and untransformed ML-1 cells bound specifically to p53 recognition sequences. p53 from control or HTLV-1-transformed cells bound to oligonucleotides corresponding to recognition sequences from the WAF1 and GADD45 promoters (Fig. 1A, lanes 3 , 5, 7, and 9; Fig. 1B, lanes  1 and 2) ; neither bound to mutated sites (Fig. 1A, lanes 4, 6, 8 , and 10; Fig. 1B, lanes 3 and 4) .
In addition, we assessed p53 DNA binding by EMSA (Fig.  1C) . This assay shows that p53 from C81 cells binds to the WAF1 p53 binding site in a sequence-specific manner (Fig. 1C , lane 3 to 5), similar to that of induced ML-1 cells (Fig. 1C, lane  2) . Both the HTLV-1 and ML-1 p53 gel shift complexes were competed by the wild-type but not a mutated WAF1 probe (Fig. 1C, lanes 4 and 5, and data not shown) . Further, this bound complex could be supershifted with a p53-specific antibody (Fig. 1C, lane 6) . These findings confirm the results obtained in the biotinylated-p53 binding assay.
To further study the properties of p53 in HTLV-1-transformed cells, we analyzed the crude molecular weight of the p53 complex. Consistent with the DNA binding properties, Superose-6B chromatography indicated that HTLV-1 p53 exists as tetramers (data not shown).
DNA bound HTLV-1 p53 fails to bind TBP. The activation domain of p53 is reported to associate with several cellular proteins, including MDM2, the transcription factor E2F/DP1, TFIIH, CBP/p300, and TAFs (1, 12, 23-25, 32, 44) . Interestingly, we observed a distinct difference in the proteins associated with DNA-bound p53 from control and HTLV-1-transformed cells. As expected, DNA-bound p53 from serum-starved ML-1 control cells was associated with TBP ( Fig. 2) . In contrast, no TBP was detected in DNA-bound p53 complexes from C81 extracts. Although MDM2 and E2F were present in extracts from both cell lines, neither was present in p53 DNA-bound complexes (Fig. 2) . Consistent with the immunoprecipitation results of Gartenhaus and Wang (9), Tax protein was not found in DNA-bound p53 complexes (Fig. 2) . These data suggest that although p53 from HTLV-1-transformed cells is tetrameric and competent to bind DNA, the ability of the N-terminal activation domain to interact with regulatory proteins is impaired.
Hyperphosphorylation of HTLV-1 p53 at Ser15 and Ser392. Since the p53 sequence is wild type in HTLV-1-transformed cells, but there is no response to ionizing radiation in respect to p53 cell cycle arrest and induction of p21, MDM2, and GADD45 mRNAs (35) , it is possible that inactivation occurs through posttranslational modifications. Phosphopeptide mapping (47) was used to assay for differences in phosphorylation between HTLV-1 (C81) and wild-type (GM47.23) p53. C81 and dexamethasone-induced GM47.23 cells were metabolically labeled with 32 P for 20 min. p53 was immunoprecipitated from cell lysates and separated by gel electrophoresis. After alkylation and reduction, the proteins were digested with trypsin and chymotrypsin and subjected to two-dimensional peptide mapping. Equivalent amounts of 32 P-labeled p53 from the two cell lines were analyzed. To ensure identification of peptide migration, synthetic peptides corresponding to each of the tryptic/ chymotryptic fragments were mixed with each sample. Figure  3C represents a diagram of the stained synthetic peptides. As shown in Fig. 3A and Table 1 , a significant increase in HTLV-1 p53 phosphorylation was seen for N-terminal peptide 5 (diphosphorylated amino acids 1 to 19) and C-terminal peptide 8 (monophosphorylated amino acids 387 to 393). Conversely, the ratios of peptide 4 (monophosphorylated amino acids 1 to 19) and peptide 1 (monophosphorylated amino acids 25 to 53) were significantly decreased in C81 cells. Similar results were seen for the HTLV-1-transformed line, MT-2 (data not shown). Interestingly, these changes in phosphorylation patterns are similar to that reported for inactive p53 mutants [ (47) . Using affinity-purified antibodies specific for either P-Ser15 or P-Ser392, we confirmed the increased phosphorylation at these sites from three HTLV-1-transformed cell lines compared to control GM47.23 or ML-1 cells (Fig. 4) . Although the ML-1 and GM47.23 cells contained at least as much p53 as the three HTLV-1-transformed lines as detected by antibody DO-1 (Fig. 4C) , only the HTLV-1-transformed lines reacted strongly with P-Ser15 antibody (Fig. 4A) . Interestingly, p53 from serum-starved ML-1 cells, which is capable of binding TBP, has little phosphorylation at Ser15 but is phosphorylated at Ser392 (Fig. 4A and B, lane 5) .
The specificity of the phospho-p53 antibodies was determined by Western blot analysis (data not shown) and ELISA against unphosphorylated and monophosphorylated peptides ( Fig. 4D and E) . Peptides Ac-11-22(15P)C, Ac-11-22C, Ac-C372-385(378P), Ac-C372-385, Ac-C385-393(392P), and Ac-C385-393 were bound to microtiter wells and incubated with the corresponding antibodies, and reactivity was measured with orthophenylenediamine as a substrate. Anti-P-Ser15 antibody reacted specifically with phosphorylated N-terminal peptide Ac-11-22(15P)C (Fig. 4D, lane 2) but not unphosphorylated N-terminal peptide Ac-11-22C (lane 1) or the C-terminal peptides (lanes 3 to 6). Conversely, anti-P-Ser392 antibody reacted specifically with phosphorylated C-terminal peptide Ac-C385-393(392P) (Fig. 4E, lane 6) but not the unphosphorylated C-terminal (lane 5) or N-terminal (lanes 1 and 2) peptides.
HTLV-1 p53 is conformationally distinct. To determine if phosphorylation had an effect on the conformation of p53, chymotryptic digests were performed on cellular extracts from HTLV-1-transformed and control cells. p53 fragments were detected by Western blot analysis using antibodies specific for C-terminal (PAb421) or N-terminal (DO-1) epitopes (Fig. 5) . While no significant difference in digestion pattern was observed with the C-terminal antibody (Fig. 5, lanes 3 and 4) , antibody DO-1 revealed two major bands of about 30 and 16 kDa from ML-1-digested p53 that were absent in p53 from C81 cells (Fig. 5, lanes 5 and 6) . Since the DO-1 epitope corresponds to amino acids 18 to 30, these peptides likely represent N-terminal fragments extending to chymotrypsin sites in the central core domain. The fact that these fragments are not present in the C81 p53 digest suggests that N-terminal chymotrypsin sites are more sensitive to enzyme digestion. Bands at 14.3 kDa and lower, which appear in all digests, likely represent protein fragments which are cross-reactive to the secondary antibody (data not shown). This result is consistent with phosphorylation inducing a conformational change in the N a Numbered as indicated in Fig. 3 . Synthetic peptide standards corresponding to phosphopeptides 1, 4, 5, 7, and 8 were used.
b The amount of 32 P associated with each phosphopeptide was determined by using a PhosphorImager and the ImageQuant program (Molecular Dynamics) and is expressed as the percentage of total radioactivity recovered after digestion and performic acid treatment. Values are given as the mean Ϯ standard deviation of three independent experiments. terminus of HTLV-1 p53. Consistent with this suggestion, Shieh et al. have recently reported that phosphorylation of the N terminus of p53 by DNA PK correlates with calpain sensitivity (41) .
Phosphorylation of the activation domain of p53 at Ser15 impairs TFIID binding. To directly determine whether phosphorylation of p53 at Ser15 interfered with its binding to TFIID, we synthesized a series of p53 activation domain peptides (Fig. 6A) . The peptides contained amino acids 1 to 39 with no modifications or with phosphoserine substitution at Ser15, -20, or -37. The biotinylated peptides were incubated with the 1 M phosphocellulose TFIID fraction from HeLa extracts, and p53 complexes were precipitated with streptavidin agarose beads. The 1 M fraction is highly enriched for TFIID complexes but contains no detectable DNA PK activity (data not shown). Analysis of TBP in the precipitates represents the interaction of p53 with holo-TFIID, which could be mediated through interaction with TBP or TAFs. Zhou et al. (52) have demonstrated that the majority of TBP present in this phosphocellulose fraction is a component of TFIID.
As shown in Fig. 6B , the wild-type p53 peptide bound to TFIID 36-fold above background, as determined by densitometric scanning of Western blots for TBP, the basic subunit of TFIID (Fig. 6B, lanes 2 and 3) . In contrast, the p53 peptide containing P-Ser15 was significantly diminished in its ability to interact with TFIID (Fig. 6B, lane 4 ; 85% reduction in TBP binding). As a control, we show that a p53 peptide containing P-Ser20 interacted with TFIID equivalently to wild-type peptide (Fig. 6B, lane 5) .
These results are in apparent contrast to recent observations by Shieh et al., who demonstrated that treatment of p53 with DNA PK, which phosphorylates Ser15 and Ser37 (41), did not inhibit interaction of p53 with TFIID as measured by in vitro transcription. To directly test whether there was a difference in TFIID binding between Ser15 and Ser15/Ser37 peptides, the peptides in Fig. 6A were treated with DNA PK. After treatment, the DNA PK inhibitor wortmannin was added to all samples to prevent further DNA PK activity. Comparison of TFIID binding activity before and after DNA PK treatment demonstrates that, in fact, there is a dramatic difference between TFIID binding to the P-Ser15 and P-Ser15/37 peptides (Fig. 6C, lanes 3 and 7) . The lack of TFIID binding was not due to the inability of the peptides to be captured on streptavidinconjugated beads since equivalent amounts of peptide were recovered (Fig. 6C, lanes 2 to 9) , as determined by Coomassie blue staining.
Interaction of MDM2 with the p53 N terminus is regulated by phosphorylation at Ser15 and -37. The ability of the peptides to interact with MDM2 was also analyzed. As shown in Fig. 7A (lane 2) , the wild-type p53 peptide bound to MDM2. When each of the monophosphorylated p53 peptides was analyzed, no significant reduction in MDM2 binding was observed (Fig. 7A, lanes 3 to 7) . In particular, the Ser15 peptide, which failed to interact with TFIID, displayed no defect in MDM2 binding. Strikingly, when either the wild-type or Ser15 peptide was treated with DNA PK, resulting in phosphorylation of Ser15 and Ser37, a dramatic decrease in MDM2 binding was observed (Fig. 7B, lanes 1 to 4) . The ability of these same peptides to interact with TFIID (Fig. 6C) provides an internal control to demonstrate that the peptides are not inactivated or degraded during DNA PK treatment. 
DISCUSSION
The p53 tumor suppressor protein is critical for controlled cell proliferation and protection against oncogenic transformation. We previously demonstrated that expression of the HTLV-1 Tax protein was sufficient for stabilization and transcriptional inactivation of wild-type p53 (35) . In this report, we demonstrate that the p53 transcriptional inactivation in HTLV-1-transformed cells is not due to its inability to bind DNA in a sequence-specific manner but rather results from a failure of DNA-bound HTLV-p53 to interact with the basal transcription factor TFIID. Further, the lack of TFIID binding can be attributed to phosphorylation of p53 at Ser15. p53 contains distinct phosphorylated regions in the N and C termini, and phosphorylation has been proposed as a mechanism for regulating the transition of p53 between inactive and active conformations (30, 46) . The N-terminal transactivation domain of human p53 has potential phosphorylation sites at Ser6, -9, -15, -20, -33, and -37. Casein kinase I phosphorylates N-terminal residues Ser6 and -9 (29), DNA PK phosphorylates Ser15 and -37 (19) , and Jun N-terminal kinase phosphorylates murine Ser34, which corresponds to human p53 Ser33 (28) . Three phosphorylation sites and their respective kinases have been identified in the C terminus of human p53: Ser315, p34 cdc2 and cdk2; Ser378, protein kinase C; and Ser392, casein kinase II (reference 43 and references therein).
Although p53 can be phosphorylated in vitro, the role of phosphorylation at specific sites has yet to be shown for the function and regulation of p53 in vivo. Fiscella and colleagues (7a) have reported that mutation of Ser15 to alanine results in partial failure of p53 to inhibit cell cycle progression. In addition, Mayr and coworkers (26) have shown that simultaneous mutation of several N-terminal serine residues of p53 causes a reduction in the ability of recombinant p53 to suppress transformation, as well as decrease its ability to transactivate a reporter construct. Further, several laboratories find that phosphorylation of the C terminus of p53 acts to regulate the sequence-specific DNA binding activity of p53 (11, 15, 17, 38) . It is important to point out, however, that mutation of potential phosphorylation sites may not be the same as the effect of phosphorylation. For example, Ser15 lies within the N-terminal activation domain but, unlike amino acids 19, 22, and 23, is not a point of contact with TFIID. Thus, mutation of the amino acid may have little effect on transactivation. We provide evidence that phosphorylation of Ser15 significantly influences the ability of the p53 activation domain to interact with TFIID.
The N-terminal transactivation domain of p53 has been shown to interact with subunits of TFIID (TBP, human TAF32, and human TAF70), TFIIH (p62), CBP/p300, and MDM2 (12, 20, 23, 25, 44, 49) . The fact that p53 phosphorylation sites at amino acids 9, 15, 33, and 37 overlap the binding site for these proteins suggests the strong possibility that phosphorylation at these sites regulates the activity of this domain. Recent reports by Shieh et al. (41) and Siliciano et al. (42) suggest that upon DNA damage, p53 undergoes phosphorylation at Ser15 and additional N-terminal sites, converting p53 into a transcriptionally active protein. Consistent with this hypothesis, our results demonstrate that Ser15 and Ser37 phosphorylation allows TFIID binding while inhibiting MDM2 binding. Remarkably, our results further show that Ser15 phosphorylation alone inhibits the interaction of TFIID with p53, blocking its transcription function. Thus, in addition to uncovering a novel interaction pathway for p53 inactivation in HTLV-1-transformed cells, our results demonstrate that the interaction of p53 with TFIID and MDM2 is tightly regulated by the specific phosphorylation pattern of Ser15 and -37.
It is of interest that HTLV-1 p53 failed to interact with MDM2 in cell extracts. Clearly, our peptide binding results demonstrate that MDM2 interacts with p53 which is phosphorylated at Ser15. It is possible that in vivo, the interaction between MDM2 and HTLV-1 p53 is blocked by some other p53 binding protein(s) present in the HTLV-1-transformed cells. Along these lines, it has been shown that the N terminus of p53 interacts with the p62 subunit of TFIIH, a dual transcription-DNA repair protein (20, 48, 50) , the single-stranded DNA binding protein RP-A (6, 13, 22) , and the transcription coactivator and acetyltransferase p300/CBP (12, 23) . It will be of interest to determine if the binding of these proteins is stimulated by p53 phosphorylation.
Tax could regulate p53 hyperphosphorylation through several pathways. Tax itself is a transcriptional activator and, as such, could activate transcription and expression of individual kinases. Alternatively, Tax could alter the activity of the kinase(s). The kinase responsible for phosphorylation of p53 at Ser15 in vivo has not been determined; however, DNA PK has been shown to phosphorylate both Ser15 and Ser37 in vitro. It will be important to determine the complex cascade of kinases and/or phosphatases involved in Tax-mediated p53 inactivation. Targeting the phosphorylation state of p53 represents a novel mechanism of viral protein inactivation of the tumor suppressor and likely plays a critical role in HTLV-1-induced transformation and leukemogenesis.
